Data from the Automated Meteorological Data Acquisition System (AMeDAS), global positioning system-derived precipitable water vapor (GPS-PWV), conventional and Doppler radar observations, and results from a numerical simulation by the Japan Meteorological Agency Non-Hydrostatic Model (JMANHM) were used to investigate the evolution and structure of the convective systems that caused the Nerima heavy rainfall, which was a disastrous rainfall event in the Tokyo metropolitan area, with hourly precipitation amount reaching 110 mm.
Introduction
Intense summer thunderstorms over the southern Kanto Plain of Japan sometimes produce heavy rainfall, especially when the propagation speed of the thunderstorms is slow. Such thunderstorms can cause disasters, e.g., urban floods or widespread power outages due to lightning. The observational Tsukuba Area Precipitation Experiment (TAPS) conducted in the latter half of the 1990s (Yoshizaki et al. 1999 ) to investigate meteorological phenomena over the Kanto Plain. During this experiment, several thunderstorms were analyzed using surface meteorological data, and Doppler radar observations from the Meteorological Research Institute (MRI), and other organizations. Yoshizaki et al. (1998) showed that the thunderstorms were generated over the convergence area of three low-level airflows; warm southerly flow from Tokyo and Sagami bays, cold easterly flow over the northern Kanto Plain and northwesterly flow near the mountainous regions west of Kanto Plain ( Fig. 17 in Yoshizaki et al. 1998 ). In addition, statistical studies by Fujibe et al. (2002) showed that easterly airflow prevailed over the northern Kanto Plain when thunderstorms developed in the southern Kanto Plain. Following the TAPS project, observations using new equipment, such as Doppler radars at Haneda and Narita airports, and the Global Positioning System (GPS) Observing NETwork (GEONET) of the Geographical Survey Institute (GSI) were started. These new datasets will benefit analyses of thunderstorms.
In this study, a thunderstorm that developed on 21 July 1999 in the south Kanto Plain was analyzed. It produced disastrous rainfall in the Tokyo metropolitan area, with hourly rainfall exceeding 110 mm and total rainfall reaching 134 mm at Nerima (the location of Nerima is indicated in Fig. 1a ). This intense rainfall caused sudden urban flooding and drowned one person in a basement. Lightning also caused power outages over a wide area. This heavy rainfall event, which is referred to as the ''Nerima heavy rainfall'' event in this study, has been analyzed using data from the Automated Meteorological Data Acquisition System (AMeDAS) of the Japan Meteorological Agency (JMA) and a Doppler radar (e.g., Kobayashi et al. 2001; Nakanishi and Hara 2003; Kobayashi 2004) . Nakanishi and Hara (2003) showed that convergence between southerly inflow and cold outflow from preexisting rainfall in the northwestern Kanto Plain contributed to the development of the heavy rainfall. Kobayashi et al. (2001) showed the vertical circulation of airflow in the intense convection. However, the three-dimensional airflow structure and evolution processes of the heavy rainfall have not yet been analyzed. One of the objects of this study is to show the structure and evolution of the heavy rainfall using the new datasets (i.e., GPS-derived precipitable water vapor (PWV), and Doppler radar of Haneda and Narita airports). Although most of this study's results are the description on the structure and evolution of the Nerima heavy rainfall, detailed information on intense thunderstorms, such as those that produced the Nerima heavy rainfall (e.g., the evolution, the structure, and factors that influence the evolution of rainfall) can facilitate disaster prevention. Kato (2006) and Kato and Aranami (2006) pointed out the importance of the middle-level dry air on rainfall systems. Kato and Aranami (2006) analyzed the heavy rainfalls associated with the Baiu front by the Japan Meteorologi- cal Agency Non-Hydrostatic Model (JMANHM), and concluded that middle level dry air induced the Niigata-Fukushima heavy rainfalls. In the present study, the environment around the rainfall systems, especially the properties of the middle-level airflow (e.g., temperature and humidity) were investigated in search of its influence on the system. The relation of GPS-PWV to rainfalls of the Baiu front or thunderstorms over the Kanto Plain has been investigated by Seko (1998) and Kanda et al. (2000) . They pointed out that the increase of PWV preceded rainfall. In this study, quantitative relations between the evolution of thunderstorm and water vapor distribution are analyzed.
In the first part of this study (Section 2), the evolution and structure of the Nerima heavy rainfall event are described using GPS-PWV data from GEONET, Doppler radar data from Haneda and Narita airports (Fig. 1a) , and surface data from AMeDAS and meteorological observing stations of the JMA. The properties of middle-level airflow were investigated by the outputs of JMANHM in Section 3. Section 4 contains the summary and supplementary remarks.
Evolution of thunderstorms and water vapor distribution over the Kanto Plain
The Nerima heavy rainfall occurred to the south of the Baiu front, that crossed northern Japan (Fig. 1b) . Figure 2 shows the evolution of thunderstorms in, and around the Kanto Plain, based on the reflectivity of conventional JMA radars from 0900 JST to 1800 JST. At 0900 JST, there was rainfall region A associated with the Baiu front north of the Kanto Plain (Fig. 2a) . A region of intense rainfall (region B) appeared at 1200 JST (Fig. 2b) in the mountainous area south of A. Region B moved southeastward, and evolved into thunderstorms B1@B3 over the northern part of the Kanto Plain by 1500 JST (Fig. 2c) . In addition to these thunderstorms, a thunderstorm Cn that produced the Nerima heavy rainfall developed over eastern Tokyo, away from regions A and B. Cn stayed over eastern Tokyo until 1700 JST. By 1800 JST, a rainfall region that was associated with Cn merged with the decaying thunderstorm B1, it then constituted a large rainfall region over the southern Kanto Plain (Fig. 2d) . Figure 3 shows the daily total rainfall on 21 July 1999. As noted above, the rainfall region A, which was associated with the Baiu front, extended in the east-west direction north of the Kanto Plain. The rainfall distributions over the southern Kanto Plain were more complicated, corresponding to the reflectivity distributions in Fig. 2c . A rainfall region over 20 mm extended along north of Tokyo and Sagami bays. Especially, north of the Tokyo bay, rainfall exceeded 40 mm. At Nerima (indicated by 'N' in Fig. 3 ) within the rainfall region north of Tokyo bay, the rainfall of about 20 mm in ten minutes lasted for nearly an hour from 1520 JST (Fig. 4a) , with a daily total rainfall reaching 134 mm (Fig. 3 ). The daily rainfall over 100 mm was observed only at Nerima, indicating that intense rainfall was very localized.
The rainfall at Nerima was accompanied by cooling of approximately 8 C, but southerly or easterly wind persisted. At Yokohama (indi- cated by 'Y' in Fig. 3 ), the surface temperature decreased by 6 C, when rainfall began at 1650 JST (Fig. 4b) , accompanied by a change from southerly wind to an intense northerly wind. The difference of temporal variation in surface wind at the two stations suggests a difference in the structure of the rainfall systems.
a. Low-level airflow distribution in the generation and developing stages of thunderstorm Cn (1400-1500 JST) Thunderstorm Cn was first perceived by radar at 1430 JST at eastern Tokyo (Fig. 2c) . Figure 5 shows surface airflows and temperature at 1400 JST. While the thunderstorm B2 was approaching Tokyo from the northwest, temperatures over the inland part of southern Kanto, especially north of Tokyo and Sagami bays (see Fig. 1b ), exceeded 33 C (Fig. 5a ). Corresponding to this warm region, a thermodynamically forced low pressure, with a center at eastern Tokyo was developed (Fig. 5b) , with sea-level pressure difference of about 1 hPa from surrounding areas. Low-level airflows over the Kanto Plain can be divided into three airflows; (f1) southwesterly flow from the southern side of Kanto (i.e., from Tokyo and Sagami bays), (f2) airflow from Kashima-nada (from the eastern side of Kanto), and (f3) northeasterly airflow over northern Kanto. The three airflows converged in a counterclockwise manner into the center of the low pressure area (Figs. 5a and 5b) .
The warm convergence region persisted until 1500 JST, although temperatures around Cn decreased by 1 C (Fig. 6a) . The pressure gradient was intensified at the northwestern side of the low, as a result of the pressure drop of about 0.2 hPa at its center, and pressure rise near B1 and B2, which were accompanied by cold outflow with sharp temperature gradient on their southern side (hereafter, cold outflow from B1 or B2 is abbreviated as cf1). However, the outflow from B1 and B2 was away from Cn ( Fig. 6a) , so that it is unlikely that cf1 contributed directly to the generation of Cn.
The detailed behavior of Cn was analyzed using the Doppler radar data at the Haneda airport ( Fig. 1a and Fig. 7 ). Radar echo fields of 0.7 elevation were obtained every 7.5 min- utes. At 1430 JST, Cn was originated in a small echo at the eastern edge of scattered weak echoes (indicated by a green circle in Fig.  7a ), which were in the warm regions above 33 C (Fig. 7a) . These echoes are referred to as 'non-precipitation echoes', because rainfall was not observed at the surface.
The radial winds in the non-precipitating echoes indicate a negative radial velocity (approaching the radar) on the north and northwest, and a positive velocity (receding from radar) on its south of the Cn, indicating convergence near the Cn. At 1500 JST, the negative velocity northwest of the Cn intensified, and the convergence of radial winds became more apparent (Fig. 7b) . The increase of convergence seems to correspond to the aforementioned intensification of pressure gradient. An open green circle, in Fig. 7b , indicates the position of the Cn at 1430 JST. It can be seen that the Cn was almost stationary with a eastward expansion, while a narrow echo band was gen- erated on the west of the Cn. This narrow band seems to be caused by the low-level convergence, which is likely to have contributed to the generation of the Cn also, although positive velocity prevailed over the narrow band and the Cn.
b. Water vapor distribution in the generation and developing stages of thunderstorm Cn (1400-1500 JST) The water vapor distributions during the onset and development of the Cn were investigated, using surface water vapor mixing ratio, and the GPS-PWV. The GPS-PWV data were derived from GPS delay data observed by GEO-NET, a nationwide GPS network, that includes more than 1200 receivers with spacing of @25 km, providing data at every five minutes. Shoji et al. (2004) described the detailed procedure of calculating GPS-PWV. Figure 5c shows the surface mixing ratio at 1400 JST. The mixing ratio in the convergence region corresponding to the Cn was not larger than those of other regions. Surface mixing ratio in the small rainfall region B3, was smaller than in surrounding areas. Namely, low-level convergence or rainfall is not accompanied by large mixing ratio at the surface.
To explain the accumulated water vapor in the convergence region, an index of accumulated water vapor was defined by the value of GPS-PWV (mm or kg m À2 ), divided by the surface water vapor mixing ratio (g kg À1 ). The density of air was fixed to be 1 kg m À3 , which corresponds to the average air density from the surface to the height of 3.3 km, for surface pressure of 1011 hPa and temperature of 33 C with the dry adiabatic lapse rate. The index then gives the depth of water vapor (km), that had the same mixing ratio as that at the surface. Hereinafter, the index is denoted by the scale height of water vapor, abbreviated as SHQ. Seko et al. (2004a) , which is hereinafter referred to as 'S04a', showed the water vapor variation during the onset of convection. On 1 August 2001, a small intense thunderstorm was generated and developed in the Tsukuba GPS Dense Network. Three-dimensional water vapor distributions were obtained by a tomography method, from the slant water vapor observed by GPS receivers, which were deployed with a horizontal interval of a few km.
When the radar reflectivity of convection was perceived at the height of 3.5 km (1340 JST), water vapor at the onset position of convection, at the heights of 2-3 km, was more humid than those of the surrounding regions. The humid region corresponding to the convection did not appear at the heights of 0-1 km (Figs. 15d-f in S04a). This humid region was traced back to 1320-1325 JST (Figs. 15b-c in S04a). These distributions of water vapor indicate an increase of the SHQ preceding the onset of convection. After the developing stage of convections, a high value of the SHQ is expected to last, because humid air near the surface was lifted up by the updraft in convections and the air column in convections contained more water vapor than that in the surrounding air.
At 1400 JST, the values of the SHQ near the rainfall regions B1-B3 were higher than those of the surrounding regions (Fig. 5d ). The SHQ near the rainfall regions B1 and B2 reached 3.3 km, and particularly the SHQ near the region B3 exceeded 3.5 km. Besides these high SHQ regions, small high SHQ regions H1 and H2 were generated, where the airflow f1 and f3 converged. An hour later, high SHQ regions of B1-B3 had extended southward (Fig. 6d) . Small high SHQ region H1, expanded in the convergence region, and then merged with the high SHQ region that was extended from B3, while the region of H2 became smaller (Figs. 5d and 6d). During an hour from 1400 JST, distribution of surface water vapor mixing ratio was slightly changed, except H2, where surface mixing ratio was increased by 1 g kg À1 . These temporal variations of surface mixing ratio and the SHQ in the convergence region, indicate that the lower humid layer there was thickened by low-level convergence. It should be noted that the Cn was located in the high SHQ region, and that the SHQ of H1 was already increasing before the appearance of the radar echo. This result is similar to the result of S04, indicating that the SHQ has the potential to be a precursor of the onset of convection. However, the small high SHQ region H2 at 1400 JST ( Fig. 5d ) was not contributed to by a deep moist layer, but by a low surface mixing ratio (see Fig. 5c ), which is unfavorable for generation of convection. Thus, the check of surface mixing ratio is needed in using the SHQ for predicting the onset of the convection.
A simple index related to rainfall amount, hourly convergence of the PWV ðC PWV Þ was defined by
where Q total is GPS-PWV and V is the surface horizontal wind of AMeDAS. Q total and V obtained on the hour, every hour, were used in the estimation of C PWV . Because most of the water vapor exists at low levels, a first approximation of the PWV convergence was determined by the surface wind. Other factors, e.g., evaporation from the surface and precipitation, were neglected in this estimation. To compare it with the hourly precipitation directly, convergence of the PWV was multiplied by 3600 s. Figure 8 shows the distribution of C PWV at 1400 JST, and 1500 JST. The value of GPS-PWV over most of the Kanto Plain in this period exceeded 60 mm (not shown), which is so humid corresponding to the humid air over southern Kyushu, during the Baiu season (Seko 1998) . The horizontal convergence around the Cn, between 1400 JST and 1500 JST was close to 2:0 Â 10 À4 (s À1 ) (not shown), which corresponds to the wind velocity difference of 2 m s À1 in the south-north, and east-west directions when 20 km Â 20 km square is assumed as a convergence region. The value of C PWV at the onset position of the Cn exceeds 40 mm hour À1 (Fig. 8 ). This value is about 44% of hourly precipitation at Nerima from 1500 JST to 1600 JST (90.5 mm). Considering surface wind is generally weaker than the wind in the boundary layer, more water vapor is expected to have been supplied to the Cn by the convergence of f1 and f3.
c. Low-level airflow, and water vapor distributions in the mature and decaying stages of thunderstorm Cn (1600-1700 JST) By 1600 JST, Cn split into Cnn and Cns. In spite of the heavy rainfall, and large temperature drop under Cnn, the cold airflow that diverged from the rainfall region was confined to the area around Cnn. Thunderstorm B1, which was northwest of Cnn, approached Cnn, while the B2 decayed. As the surface temperature under B1 also decreased to below 24 C, the surface pressure there increased (Fig. 9b) . On the south of B1, a convective band Cw, which was organized from Cns and small convective cells, extended southwestward from Cnn along the region of intense temperature gradient (indicated by a broken circle in Fig. 9a ). On the south of Cw, the southerly airflow f1 continued to flow into the low-pressure area, supplying air to Cnn and Cw. On the north of Cw, intense northerly flow, that was the cold outflow from B2 and B1 (cf1) was dominant. The highpressure area under B1 and the low-pressure area south of Cnn and Cw intensified the pressure gradient between them. Thus, it appears that cf1 was intensified by the pressure gradient.
By 1700 JST, thunderstorms Cnn and B1 began to decay (Fig. 10) . The pressure in Cnn and B1 rose (Fig. 10b) , and the cold outflow diverging from them expanded over the central Kanto Plain (Fig. 10a) . In contrast, the convective band Cw moved southeastward maintaining its intensity.
As seen from Fig. 9a , Cw was located at the northern edge of the region where temper- ature exceeded 30 C, the PWV reached 68@72 mm (Fig. 9c) , and C PWV there was over 60 mm hour À1 (Fig. 9d ). This abundant supply of warm air and water vapor seems to be favorable for persistence of precipitation intensity. As for Cnn, it is to be noted that Cnn was located in the divergence region north of a region where C PWV exceeded 180 mm hour À1 (Fig. 9d) . A reason for the early decay of Cnn, is that the low-level inflow f1 did not reach the updraft region. More detailed behavior, and vertical structure of these convective cells, will be described in the next section.
3. Evolution and three-dimensional structure of thunderstorms Cn and Cw a. Evolution of thunderstorms Cn and Cw Figure 11 shows the reflectivity and horizontal wind fields at the height of 1.0 km, with a time interval of approximately 15 minutes. Winds were estimated by dual analysis from Doppler velocity data of the Haneda and Narita Doppler radars (indicated in Fig. 1a) , using 'Draft' software (Tanaka and Suzuki 2000) . The vertical, and horizontal resolutions of the dual analyses were set to be 1.25 km and 1.0 km, respectively. The reflectivity fields were obtained from the Haneda Doppler radar. At 1436 JST, thunderstorm Cn, that caused the heavy rainfall, had just developed over eastern Tokyo (Fig. 11a) . Southerly flow was dominant in the Cn (Figs. 11a and 11b) ; this flow is inferred to be the northern tip of airflow f1 shown in Fig. 5 . On the northwest of the Cn, a small convective cell, C1 was generated (Fig.  11c) , then the Cn extended to C1. By 1513 JST, the Cn split into two intense regions Cns and Cnn (Fig. 11d) . As the Cnn developed, the wind speeds in Cnn and the northeasterly flow north of Cnn increased, so that the convergence was intensified (Figs. 11d, 11e and 11f ) . New small convective cells C2 and C3 developed by 1532 JST and 1541 JST, respectively, on the convergence line (white broken lines in Figs. 11e and 11f ) , and subsequently merged with the Cnn. It is inferred that the convergence of f1 and the northeasterly airflow contributed to the generation of the Cnn, although the latter was not recognized before 1448 JST (Figs. 11a and 11b) . As for the Cns that split from Cn at 1513 JST (Fig. 11d) , the eastern part of Cns began to decay at 1532 JST (Figs. 11e and 11f ) . On the west of Cns, two small convective cells, Cw1 and Cw2, developed by 1513 JST and 1532 JST, respectively (Figs. 11d and 11e) . These convective cells and Cns formed the convective band Cw by 1601 JST (Fig. 11g) . The northerly flow in the Cw was already seen at 1513 JST (Fig. 11c) , and the intense northerly flow penetrated Cw by 1532 JST (Fig. 11d) . These flows were likely to be intensified by the large surface pressure gradient force (see Section 2.c; Figs. 6b and 9b) . Southerly winds are found in small rainfall regions south of Cw1 and Cw2 at 1532 JST and 1541 JST (indicated by the black circles in Figs. 11e and 11f ) . Convergence between this southerly flow and the northerly flow contributed to the generation of Cw1, and Cw2. When Cw1 was traced back in time from 1513 JST (Fig. 11d) , it originated from the region where reflectivity exceeded 10 dBZ before 1500 (indicated by black broken circles in Figs. 11a@c ). This region is referred to as the 'embryo of Cw1', hereinafter. The embryo of the Cw1, and Cw1 stayed at the same position before 1541 JST. In contrast, the Cw moved with the speed of 7 m s À1 after 1601 JST, corresponding to the northerly flow, exceeding 10 m s À1 . Since the Cw was organized, and began to move southward after the northerly flow intensified, it is inferred that the intense northerly flow was one of the favorable conditions for the organization, and fast movement of Cw. As shown in Fig. 9a , the cold outflow from B1 and B2 (cf1) reached the Cw by 1600 JST. Thus, it is likely that cold outflow, cf1, formed a part of this intense northerly flow.
The distinct divergent regions in the Cnn after 1601 JST were indicated by a circle with white broken lines in Figs. 11g@11j. The divergence, which was produced by intense rainfall of Cnn, was located between the convergence line (indicated by the thick white broken lines) and the southerly inflow of f1. Although the airflow f1 could enter the eastern part of the Cnn, it could not reach the convergence line along the downwind side of Cnn, because the diverging flow prevented f1 from reaching the convergence line. That is, the airflow of f1 could not enter the updraft region produced by the convergence. Consequently, water vapor was not sufficiently supplied to Cnn, and thus the precipitation intensity in the Cnn weakened, in spite of the expansion of the rainfall region and the large convergence of water vapor on the south of the Cnn (see Fig. 9d ). In contrast to Cnn, the water vapor in southerly inflow of f1 was supplied to the Cw directly, so that the convective band of Cw maintained its intensity. Figure 12 shows the temperature changes from the previous hour. During an hour before 1440 JST, temperature around the Cn decreased by 1 C. This decrease region was detached from the decrease regions of B1, B2 and B3. This distribution indicates that the Cn was generated in the warm region, not caused by outflows from the preexisting thunderstorms, as described in Section 2. As for the embryo of Cw1, temperature rose by about 1.5 C, implying that the embryo was generated by the convergence of warm air masses (Fig.  12a) . From 1400 JST, to 1500 JST, the temperature decreased by 1 C over a large area of the Kanto Plain, including the Cn and C1 (Fig.  12b) , probably due to the diurnal temperature change. Thus, the cold outflow from the preexisting thunderstorms did not contribute to the generation of this C1, as in the case of the Cn (Fig. 5a ). On the other hand, the Cw1 and the Cw2 began to develop into a Cw from 1541 JST (Fig. 11g) , along the line where the temperature decreased by more than 4 C (Fig.  12c) . The coincidence of the decrease region in temperature and the development of the Cw indicates that the cold outflows from B1 and B2 organized a Cw. As for C2 and C3, they developed at the northeastern edge of Cnn, which was far from B1 and B2 (Fig. 12c) . Thus, the influence of the cold outflow from B1 and B2, upon the generation of a C2 and C3, is likely to be small. b. Three-dimensional wind distribution in thunderstorms Cn and Cw Figure 13 shows the wind distribution at 1532 JST. The intense updraft region is indicated by warm colors. Due to the convergence of f1 and f3, updrafts exceeded 1 ms À1 were produced at the northern edge of Cnn and at the western edge of Cns (Fig. 13a) . A part of the airflow f3 that entered Cnn is hereinafter referred to as f3s. Other regions in Cnn and Cns, downdrafts dominated. At heights of 2@4 km (Fig. 13b) , the westerly airflow on the northern side of Cnn (mf1 in Fig. 13b ) changed into northerly, and entered the updraft region. On the southern side of Cnn, southwesterly airflow on the eastern part of Cns (mf2 in Fig.  13b ) entered the downdraft region. The airflow above 5 km (uf1 in Fig. 13c ) was moved northeastward, and passed around Cnn.
At the surface, a northwesterly cold outflow from B2 and B1 (cf1) was observed to the north of small cells Cw1 and Cw2 (Fig. 12c) , whereas the wind direction at the height of 1 km here (wind direction of f3) had an east- erly wind component (Fig. 13a) . This difference of wind direction indicates that f3 surmounted cf1. Although an intense northerly flow from B1 (cf1) is seen at the northwestern corner of Fig. 13a , the most part of the northerly airflow north and west of the Cnn at the height of 1 km consisted of airflow f3. At 1601 JST, Cnn was in the mature stage. Southeasterly flow f1 and the northerly airflows f3s were seen at the southeastern side and the northern side of Cnn, respectively (Fig. 14a) . However, the region of f3s became smaller, because the cold outflow of cf1 from B1 expanded from the northwest. In the Cnn, the airflow f1 also weakened, because of the diverging flow associated with the intense rainfall. This diverging flow produced another convergence with f1 on the southeast side of the Cnn (indicated by a black broken circle in Fig. 14a ). At heights of 2@4 km, a northerly airflow mf3 (Fig. 14b ) that was in B1 between 3@4 km at 1532 JST expanded southward, and then intruded into the Cnn. At heights of 5@6 km, a westerly flow uf1 (Fig. 14c) diverged on the western side of the Cnn. The northerly airflow of mf3 was also seen in B1 on the north of the uf1. As for a Cw, an intense northerly flow prevailed at 1 km north of the convective band Cw (Figs. 11g and 14a ). This northerly flow appears to have derived from cf1 and f3.
During the decaying stage (1627 JST) of Cnn, the diverging flow from the Cnn spread widely over the central Kanto Plain at the height of 1 km (Fig. 15a) . At the height of 3 km, mid-level airflow of mf3 penetrated Cnn and Cw. There was intense downdraft, exceeding 3 ms À1 in the northern part of Cw (Fig.  15b) . The low-level divergence accompanying this downdraft may have contributed to the maintenance of Cw through the intensification of the convergence in front of Cw. At the height of 5 km, the region of the mf3 also expanded southward, and intruded into Cnn (not shown).
In order to illustrate more clearly the airflow structure in Cn and Cw, a trajectory analysis was performed. For the developing stage of Cn, particles were placed around the Cnn and Cns at 1525 JST, and traced until 1630 JST. The spacing of the initial particles points was set to 1 km in the vertical, and 4.5 km in the horizontal. The total number of parcels at each height was 400. The wind that transports the particles was obtained by temporal and spatial interpolation from the 3-dimensional wind fields, which were estimated every 7.5 minutes by dual analysis from the radial wind data. Figure 16a is a schematic illustration of the results of trajectory analysis, as well as the results of low-level airflow and threedimensional wind distribution mentioned before. Particles in the low-level inflows f1 and f3s entered the convergence region and then ascended. Other particles in the f3 far northwest of the Cnn passed the western side of the Cnn. It is no wonder that both f1 and f3s ascended in the convection, because the surface temperature and pressure in both sides of the convergence were similar (consequently, density in both sides was also similar) (Fig. 5a) . Particles in the mid-level westerly flow (mf1) north of the Cnn penetrated the Cnn, and then ascended. In contrast, particles within the rainfall region of the Cns (mf2), descended while moving counterclockwise. The decrease of the temperature in Cnn of more than 8 C, is inferred to be caused by the evaporative cooling in mf2. The particles in the upper westerly flow (uf1) moved northeastward and passed around the Cnn. In the Cw1, northerly flow f3 was seen near the surface.
Airflow in the mature and decaying stages of the Cnn was investigated by tracing air particles from 1601 JST to 1657 JST (Fig. 16b) . The airflow structure around the Cnn was similar to that in the developing stage, except that: (1) the southerly flow in f1 could not reach the convergence line, and only particles near the convergence ascended, and (2) the mid-level northerly flow (mf3) that existed in the B1, at the developing stage of Cnn, penetrated into the Cnn, and then ascended. As for the Cw, particles of f3 that passed northwest of Cnn at 1525 JST, were approaching Cw without ascending. The particles of cf1 from the height of 1 km also moved southward. On the other hand, the airflow f1 on the south of Cw, could not be grasped by trajectory analyses, because large rainfall regions did not exist there. However, particles in the southern edge of Cw at heights of 3 km and within the Cw above 5 km ascended, and then moved southeastward. From the movement of these particles, it can be deduced that airflow f1 moved toward the Cw, and then ascended in the Cw (Fig. 16b) . The particles from the height of 3 km in Cw moved southeastward with descending in the Cw (Fig. 16b) . From the moving direction of these particles, these particles seem to represent the airflow mf3 that intruded into Cw.
These airflow structures of Cnn and Cw, show that they were quite different. The disposition of updraft, the downdraft, and the moist air inflow was favorable for Cw, but not for Cnn, resulting in their different duration. Nevertheless, the rapid moving speed of Cw, resulted in a short rainfall duration at the fixed places, whereas the slow movement of the Cnn caused localized heavy rainfall at Nerima, despite its shorter lifetime.
The airflow structure of the Cw after the penetration of rear inflow mf3 was similar to that of a squall line type rainfall system, observed over the Kanto Plain in 1995 (Seko et al. 1998) , in which the convergence and the divergence regions were located on the front and rear sides of the system, respectively. This fact suggests that mf3 enhanced the convections through the intensification of the divergent flow. However, the convective band Cw, was organized by low-level airflows cf1 and f3, and moved southward before the arrival of mf3. This time lag indicates that the band shape and the fast moving speed of the Cw were caused by the low-level intense rear inflow. Namely, the low-level rear inflow, that lifted up the warm moist air on the front side of the Cw, was more important than the middle-level rear inflow in this case. 
c. Properties of middle-level inflow
At mature and decaying stages of Cn, middle-level inflow mf3 penetrated the Cnn and Cw from the north. As mentioned in the introduction, Kato and Aranami (2006) indicated that dry middle-level air induced the heavy rainfall. However, properties of the mid-level northerly inflow mf3 (e.g., the temperature and humidity) of this heavy rainfall event was not fully described in the data analysis. To clarify this point, these numerical simulations were performed.
To reproduce the heavy rainfall that was composed by intense convective cells, the nonhydrostatic model of the JMA (JMANHM) (Saito et al. 2001 ) was used. The initial fields were produced by the 3D-Var data assimilation system for the JMANHM (JNoVa0; Miyoshi 2003) , and then modified by using the statistical relations of the relative humidity and the vertical velocity and by observed water substances (see Appendix).
The distribution of observed rainfall, and airflows over the Kanto Plain was compared with simulation, based on the modified initial fields of 2-km the JMANHM. At 1600 JST, which corresponds to a forecast time (FT) of 1 hour, thunderstorms Cn, and B1/2, that corresponds to the observed regions of B1 and B2, and also B3, were reproduced over areas in rough agreement with observation, although the rainfall regions of B1/2 and B3 were too large (Fig.  17) . The convective band Cw was also reproduced at 1700 JST (FT ¼ 2 hour), although its simulated position was shifted to the north of the observed one. A simulated horizontal wind had similar features to the observation. For example, the low-level southerly flow f1 converged into the rainfall regions Cn and Cw. The airflow f3 was reproduced between the B1/2 and the Cn in the initial field (at 1500 JST). However, f3 is weaker than the observation, because simulated B1/2 extended more eastward, and the outflow from B1/2 covered a larger area at 1600 JST. Nevertheless, the Cn was reproduced by the simulated airflows f3 and f1. At the height of 5 km, the simulated northwesterly flow, which corresponds to mf3, existed near to B1/2 at 1600 JST, as observed. The westerly uf1 flow, between B1/2 and Cn, was also reproduced in the model. This region of uf1 over the Kanto Plain at 1500 JST (not shown) was gradually invaded by airflow mf3 from the north.
By 1700 JST, the Cw was developed along the southern edge of the rainfall, while the Cn decayed as observed. The northerly airflow mf3 arrived from the north, and then penetrated into the Cw from its rear side. Just below the penetrating region of mf3, intense divergent flow was produced near the surface. This coincidence between the divergent flow and penetration, indicates that mf3 descended into Cw, and produced the intense divergent flow. Figure 18 shows the perturbation of potential temperature ðyÞ, and the water vapor mixing ratio ðQvÞ, from their initial fields. When the Cn was developing (1530 JST, i.e., FT ¼ 0.5 hour), an intense northerly flow, corresponding to mf3, was found behind B1/2 between the heights of 2 km and 5 km. In this northerly flow, negative Dy layer and positive Dy layer existed at heights of 4.5 km and 2.5 km, respectively. These changes suggest destabilization between the heights of 2.5 km and 4.5 km, which supports the development of convection, when it approached Cn and the Cw. However, the influence of destabilization on the simulated Cn, is likely to be small because it had already developed before the arrival of mf3. At 1630 JST (FT ¼ 1.5 hour), when the simulated Cw was well developed and the Cn had decayed, the negative Dy layer at 4.5 km became more pronounced. It is inferred that the destabilized layers of mf3 enhanced the Cw after reaching there. This inference is supported with the coincidence of the low-level divergent flow and the penetration of mf3 (Fig. 17) . Figure 18b shows the difference of Qv. Although Qv in the rainfall regions in the initial fields was changed following the relationship between relative humidity (RH) and the vertical velocity (see Appendix), the initial water vapor outside of rainfall regions was not changed, so that the perturbation of Qv should have the layer structure in the same way as y, if the low-Qv middle-level air invaded from the north. Two pairs of negative and positive columns of DQv existed north of B1/2. Since the southern pair was located at the rainfall region of B1/2, it is likely to be produced by the convection of B1/2. However, layer-shaped changes in DQv, corresponding to mf3, is not recognized. There-fore, mid-level rear inflow was not characterized by dryness.
Summary and remarks
The Nerima heavy rainfall that was analyzed in this study includes two different convective systems: thunderstorm Cn, and a fast moving convective band Cw. Features of the Nerima heavy rainfall event are summarized as follows;
(1) Generation and developing stages of thunderstorm Cn (Fig. 16a ): -The heavy rainfall at Nerima was caused by Cn, which split into Cnn and Cns.
Subsequently Cns and some surrounding convective cells formed a band Cw. -Much of the heavy rainfall of Cn is accounted for by the convergence of water vapor in the convergence region of airflows from the south (f1) and from the northeast (f3). -Mid-level airflow from the south (mf2) that entered Cnn descended, and then produced the cold pool of Cnn. (2) Mature and decaying stages of thunderstorm Cn (Fig. 16b ): -The intense rainfall fell between the convergence line of Cnn and inflow f1. Rainfall-induced divergence prevented -Convective cells Cw1 and Cw2 on the west of Cns were generated by the convergence of the southerly inflow f1 and northeasterly flow f3, which was prevailed over the northern Kanto Plain at 1400 JST (Fig. 16a ). -Cold outflow cf1 from B1 and B2 flowed under f3. Convective cells Cw1@Cw2 and Cns were organized into convective band Cw by the intense northerly flow f3 and cf1 (Fig. 16b ). -Because of the continuous supply of warm humid air in f1 that was lifted up by the intense low-level northerly flow f3 and cf1, Cw persisted after 1700 JST (Fig. 16b) . -Low-level intense northerly airflow cf1 and f3 made Cw move southward (Fig.  16b ).
-The mid-level northerly flow (mf3) penetrated into the band Cw after 1630 JST, intensifying the northerly flow near the surface (Fig. 16b) . (4) Environment of Nerima heavy rainfall:
-The vertical distribution of y and Qv were discussed using outputs of the JMAHNM. The mid-level inflow of mf3 above 3.5 km was characterized by cold temperatures. Below 3.5 km of mf3, y became warmer than initial values. -The JMANHM reproduced the penetration of mf3 into Cw, but not to Cnn. Convective band Cw was already organized before the arrival of mf3, suggesting that low-level intense northerly airflows cf1 and f3 were more important for the organization of Cw. After mature stage of Cw, cold airflow mf3 that penetrated Cw produced an intense divergent flow. Cold middle-level rear inflow contributed to the development of the convection in the band. Kobayashi et al. (2001) showed the vertical cross section of the radial wind at the western edge of Cn, using dual radar analysis. The Red contour lines indicate regions where the sum of the mixing ratio of rain water, snow, and hail exceeds 0.5 g kg À1 . FT denotes a forecast period from the initial time.
three-dimensional structure of the circulation clarified in this study is consistent with their analysis, while the airflow structure in the heavy rainfall systems is more complicated than that can be described shown by a single vertical cross section. Nakanishi and Hara (2003) noted that the convergence of the airflows over the Kanto Plain and outflow from preexisting thunderstorms contributed to the development of thunderstorm. In this study, the processes that the convergence over the Kanto Plain and outflow from preexisting thunderstorm affected the convections of the Nerima heavy rainfall were described further in detail. The atmospheric state preceding the generation and development of the thunderstorms were described by using the indexes of SHQ and C PWV . Analysis of SHQ shows that water vapor had already been accumulated before the appearance of the radar echo, while analyses using C PWV suggest that much of the rainfall in Cn condensed from the water vapor converged by the airflows f1 and f3. Usefulness of Doppler velocity in non-precipitation echoes was also pointed out. Namely, it specified the position of the low-level convergence where new convections were generated. The radial wind in non-precipitation echoes, and indexes of water vapor, e.g., PWV and SHQ, have the potential to be parameters in prediction of the generation and development of thunderstorms. However, a high SHQ region H2 corresponded to low surfaces mixing ratio rather than a deep moist layer. Not only water vapor distribution, but also the surface mixing ratio should be taken into account for using SHQ for the prediction of generation and development of thunderstorms. Moreover, Cnn decayed in spite of large water vapor convergence, due to unfavorable airflow structure for its duration. Thus, airflow structure should be considered as well as water vapor distribution.
As mentioned in the introduction, there are heavy rainfall cases that were induced by the middle-level dry air (Kato 2006; Kato and Aranami 2006) . In this case, however, the low-level convergence was essential for the onset of Cn, Cw1 and Cw2. The cold outflow from other thunderstorms (cf1) and intense low-level northerly flow (f3) that were converged with warm humid airflow were more important for the organization and development of Cw. The mid-level northerly flow mf3, which intruded Cnn from the north, was characterized by coldness. The cold middle-level airflow is expected to enhance the convections through the destabilization of the atmospheric condition. However, the convective system Cnn began to decay when mf3 invaded Cnn. This result indicates that the airflow structure should be considered in the investigation of the role of middle-level airflow. Seko (2000) made a numerical study on the relation between the type of line-shaped band and dryness in the middle level, and showed that influence of dryness of 3-5 km depends on the type of line-shaped band. However, the sensitivity of non-line-shaped systems to middle-level airflow properties has not been investigated so far. The sensitivity experiments of the middle-level cold dry atmosphere on the various type of precipitation system should be performed.
Simulations of the Nerima heavy rainfall event were conducted by introducing the convective-cell-scale water vapor and initial water substances to produce more realistic initial conditions (see Appendix). Comparison with observed precipitation fields suggests that these additions are needed to reproduce convective cells when 3D-Var data assimilation system, JNoVA0 is used. NHM-4DVar data assimilation system, that reproduces a thunderstorm without introducing convective-cell-scale water vapor is under development by the MRI, in collaboration with the Numerical Prediction Division (NPD) of the JMA (Kawabata et al. 2006) . However, the NHM-4Dvar needs huge computer resources. Thus, the development of NHM-3DVar data assimilation system that does not require huge computer resources should be continued to produce optimal initial conditions.
Recently, several thunderstorm events have occurred in urban areas, causing heavy rainfalls. In the Nerima heavy rainfall case, large rainfall amounts were caused by Cn that developed in a warm and moist region of convergence. As shown by Fujibe et al. (2002) , a converging airflow pattern is often established preceding the onset of heavy rainfall in Tokyo. Thus, similar situations have likely occurred in other thunderstorm cases over Tokyo. It is desired that other heavy rainfall cases will be an-alyzed to highlight factors that produce heavy rainfall (e.g., PWV, C pwv , structure of rainfall system and middle-level airflow properties). puts of every 30 minutes in the whole model domain from FT ¼ 1 hour to 6 hour. The number of grid points in Fig. A1 is 3724, because only grid points in the precipitation regions were used. Because simulated water vapor was almost saturated, where updrafts exceeded 0.15 ms À1 water vapor at updraft grids (w > 0.15 ms À1 ) within the observed precipitation region were set to be saturated. The intense updraft was maintained in part by the latent heat released by condensation. When numerical simulations were proceeded from this modified initial condition, convective regions Cnn and B1/2, which corresponds to the observed regions B1 and B2, were reproduced (Fig. A2a) . However, the northwestern part of the precipitation region B1/2 developed too intensely at 1700 JST (FT ¼ 2 hour), whereas observed B2 and B1 were decaying at 1600 JST and 1700 JST, respectively. This excessive predicted precipitation was a result of a relationship between RH and updraft velocity that cannot accurately reflect the evolution stage of convection. Since large amounts of rainwater or snow in precipitation regions weaken the updraft through water loading in the decaying stage, the effects of rainwater and snow were introduced to model the evolution of the convective cells more accurately. Mixing ratios of rainwater and snow were estimated from observed reflectivity fields, and then portioned according to the analyzed temperature. In other words, if the analyzed temperature was below 0 C, snow was assigned at the grid points where reflectivity was observed. In view of the importance of evaporative cooling in producing an outflow, evaporation of water droplets should also be expressed properly. The relationship between RH and vertical velocity less than 0.15 ms À1 was obtained from a scattergram (Fig. A1) , and then RH within precipitating regions was changed accordingly. Figures A2b and A2c show the impacts of introducing initial water substances and modification of RH in the observed precipitation regions. Thunderstorm B1/2, which was decaying at 1700 JST, was well simulated when rainwater and snow were introduced. Furthermore, when RH in downdraft grids was modified, the convective band (Cw) was reproduced along the southern edge of the precipitation region. This simulated distribution has many features common to observations. This modified field, which was produced by the introduction of the initial water substances, and the relationship between RH and vertical velocity including the downdraft velocity, was spatially interpolated and used as the initial field for the 2-km NHM.
